For the sustainable development of our society, much attention has been paid to biorefinery, where renewable lignocellulosic biomass is converted valuable chemicals and/or fuels. Alkakaline pretreatment before the enzymatic saccharification of the lignocellulosic biomass has been examined for a long time but further improvement is required to obtain a high yield of sugars. We have tried to improve the sugar yield using two different type lignocelluloses such as herbaceous napiergrass leaves and woody kudzu stalks. The trials to improve the sugar yields from the alkaline pretreated these lignocelluloses have been examined by supplementary subjecting to visible light illumination in the presence of Si. The yield of reducing sugars from herbaceous napiergrass leaves was improved from 60.3 to 86.7% by using the complemental illumination with Si after the enzymatic saccharification for 24 h. In the case of kudzu stalks, that was improved from 57.4 to 88.6% with the same treatment.
Introduction
The use of fossil fuels is facing several difficulties, such as decreasing reserves, increasing prices and greenhouse gas emissions. The interest in renewable sources of energy, therefore, is rising. Biomass is the most abundant renewable resources on earth, and thus ethanol and/or valuable chemicals production from lignocellulosic biomass resources has attracted increasing worldwide interest 1) , 2) . The importance on the utilization of lignocellulose is to obtain a high yield of sugars by the saccharification of the biomass.
Lignocellulosic biomass includes plant cell walls, which contain primary cellulose, hemicellulose and lignin. Due to the organization and interaction between these polymeric structures, plant cell walls naturally resist the saccharification of the contained cellulose and hemicellulose. Among the different technologies available for the saccharification of lignocelluloses, conversion processes based on the use of cellulolytic enzymes seem to be the most promising for a large scale application 3) . The goal of enzymatic hydrolysis is to depolymerize the polysaccharides in the water insoluble solid fraction. There are, however, several problems with this approach. Most importantly, the high cost of cellulase enzyme production hinders the application of these enzymes to bioethanol manufacturing 4) . Pretreatment of the lignocelluloses before the enzymatic hydrolysis is therefore necessary for obtaining a high yield of sugars while at the same time decreasing the usage of the cellulase enzyme. In the pretreatment step, the structures of the lignocellulosic biomass are altered to make the holocelluloses (cellulose hemicellulose) more accessible to the enzyme 3) . Alkali pretreatment processes utilize lower temperatures and pressures compared to other pretreatment technologies. Alkaline pretreatment specifically targets hemicellulose acetyl groups and lignincarbohydrate ester linkages. These reactions help solubilize and extract lignin from the biomass and make easy to contact between the enzyme and holocelluloses. Cell wall and ultrastructural modifications are still required for most alkaline pretreatments, however, in order to enhance the saccharification of lignocelluloses 1) . Photocatalytic degradation of lignin on TiO2 has been reported 5), 6) . For the sustainable development of our society, much attention has been paid to biorefinery, where renewable lignocellulosic biomass is converted valuable chemicals and/or fuels. Alkakaline pretreatment before the enzymatic saccharification of the lignocellulosic biomass has been examined for a long time but further improvement is required to obtain a high yield of sugars. We have tried to improve the sugar yield using two different type lignocelluloses such as herbaceous napiergrass leaves and woody kudzu stalks. The trials to improve the sugar yields from the alkaline pretreated these lignocelluloses have been examined by supplementary subjecting to visible light illumination in the presence of Si. The yield of reducing sugars from herbaceous napiergrass leaves waswas depolymerlized successively and aromatic ring was opened, which produced oxygenated compounds such as carboxylate and aldehyde.
Herbaceous lignocellulosic napiergrass (Pennisetum purpureum Schumach) grows rapidly, i.e., high leaf expansion and rapid leaf production have been known to occur in a tall canopy. Napiergrass can exhibit high dry matter productivity in warm regions. As a result, napiergrass is considered a promising feedstock for biofuel production 7), 8) . Kudzu (Pueraria lobata) is a common in Asia and an invasive vine. It forms a dense stand of vines with growth rates that can exceed 2 m per week, and then the vine lignifies to hard wood in a few years 9) . Woody lignocellulosic kudzu stalks also are suggested to have a potential to supplement existing bioethanol feedstocks. Bioconversion of alkaline pretreated napiergrass into sugar and ethanol was previously examined using conventional cellulase preparations and genetically modified cellulase by one of our authors 10) . This paper describes the trials to increase the sugar yield by subjecting the alkaline pretreated herbaceous napiergrass and woody kudzu stalks to the visible light illumination to explore the feasibility of solar light utilization.
Experimental Section

1. Materials
Napiergrass leaves harvested from the farm in our university were dried at 353 K in an oven for 48 h and then made into a fine powder by the use of a laboratory blender. The powder was sieved at 180-212 μm. The ligneous stalks of cultivated kudzu which were kindly supplied from Nara Agriculture Center were dried out at 353 K in an oven for 48 h, and milled into 212-300 μm.
Moisture analysis was conducted with an aquameter (M2S-70, Shiro Co., Ltd.). Cellulose content was determined using the method of Crampton and Maynard 11) . Hemicelluloses and lignin were determined using the methods described by Goering and Vansoest 12) . The weight of ash was measured from the weight difference before and after calcination at 1123 K for 2 h.
Procedure
Napiergrass powder (10 g) was soaked in a 100 mL of 1.0 wt% NaOH solution and then stirred at 600 rpm at 373 K for 1 h. The alkaline pretreated fiber was separated from the alkaline solution in a centrifuge at 3000 rpm for 2 min, and the residue was neutralized with dilute acetic acid solution and then rinsed several times with deionized water to remove the salts. The rinsed residue was dried at 343 K for 1 h, and the cake of dried material crushed into a powder in a blender. The milled kudzu powder (10 g) also was soaked in the NaOH solution (1.0 wt%) at 373 K for 1 h. Neutralized and rinsed fibers were dried out, and the cake was crushed with the blender.
The complementary treatment for the dried residuals was carried out under visible light illumination using a Xe lamp (300 W, LX-300F, PE ILS) through a UV cutoff filter. The temperature of the reactor was controlled at 298 K with a chiller.
Si powder (60 mesh; Aldrich Chemical Co.) was used as a photocatalyst. A mixture of Si powder (0.4 g), deionized water (35 mL) and the alkaline pretreated napiergrass powder (1.5 g) in the vessel was degassed several times, and then argon gas (200 Torr, 1 Torr 133.322 Pa) was introduced into the system. In the case of kudzu stalks, the mixture of Si powder (0.4 g), deionized water (45 mL) and the alkaline pretreated kudzu powder (1.0 g) was examined. Illumination treatment was carried out stirring at 600 rpm.
The enzymatic saccharification was carried out with Acremozyme (Acremonium cellulolyticum) as the cellulase. The Acremozyme (Meiji Seika Kaisha, Ltd.) used in this study was kindly supplied by Kyowa Chemical Products Co., Ltd. The reactivity of this Acremozyme for the saccharification of napiergrass was examined and compared with other cellulase preparations in a previous paper 10) . A notable feature found for this Acremozyme was its high reactivity not only as a cellulase but also as a hemicellulase. The enzymatic hydrolysis of the residuals of napiergrass was carried out in a medium bottle containing 80 mL of the mixture (the pretreated residuals of napergrass (1.5 g), Si powder (0.4 g), 0.2 wt% sodium azide (1 mL) and de ionized H2O (35 mL), 40 mL of acetate buffer (pH 5.0, 0.2 M, 1 M 1 mol ・dm -3 ) and 0.1 g of Acremozyme cellulase preparation). In the case of kudzu stalks, 100 mL of the mixture (the pretreated residuals of kudzu (1.0 g), Si powder (0.4 g), 0.2 wt% sodium azide (1 mL) and deionized H2O (45 mL), 50 mL of acetate buffer (pH 5.0, 0.2 M)) was hydrolyzed with a 0.1 g of the Acremozyme. The hydrolysis was carried out by incubating the mixture at 318 K with stirring at 500 rpm for 72 h as reported previously 10) . The reaction was stopped by boiling the mixture for 5 min to inactivate the enzyme, and then the residual material was removed by centrifugation at 5500 rpm for 2 min. 50 μL was sampled on each time by a sample splitter. The amount of reducing sugars released in the supernatant solution was determined by the Somogyi-Nelson method 13) . The amount of glucose was determined by the GOD-POD method (glucose CII-test, Wako Pure Chemical Industries, Ltd.).
Results and Discussion
The napiergrass leaves used in this study were analyzed for their components as shown in Table 1 . The moisture content (on a wet weight basis) of the napiergrass leaves was 3.0%. Cellulose and hemicellulose contents were 31.8% and 19.6% on a dry weight basis, respectively. The proportion of cellulose was larger than that of the hemicellulose, and the percentage of the holocellulose, i.e., cellulose hemicellulose, was 51.4%.
The components of the residuals after alkaline treatment with 1.0 wt% NaOH solution for 1 h at 373 K also were shown in Table 1 . The alkaline treatment was effective in the elution of lignin because the proportion of total lignin decreased from 16.1 to 6.1% after the alkaline treatment. Thus the proportion of holo cellulose increased from 51.4 to 79.7% caused by the elution of lignin. Since the ratio of cellulose after and before the alkaline tratment was larger than that of hemicellulose, we assumed hemicellulose also eluted somewhat. The degradation of lignin and hemi cellulose afte the alkaline treatment has been reviewed 14) . First, we examined the coexistent effects of semiconductor materials on the enzymatic saccharification with commercial crystallized cellulose (Avicel) as shown in Fig. 1 . Without any semiconductor materials, glucose was produced steadily from avicel. Some semiconductors such as WO3, Fe2O3, and Si did not affect the reactivity of Acremozyme, but TiO2 and SrTiO3 strongly deteriorated the reactivity.
The time course variations of reducing sugars and glucose obtained from napiergrass leaves through the enzymatic saccharification for several different combinations of NaOH pretreatment and the illumination with a Xe lamp in the presence of Si are shown in Figs. 2  and 3 . Since the amounts of reducing sugars and glucose for both samples increased rapidly in a few hours, we assumed the amount of our used cellulase (0.1 g) was too much for these samples. The variations show the differences in the influence of the alkaline treatment and/or the treatment under visible light irradiation on the degradation of the napiergrass in Fig. 2 . The effectiveness of the treatment in 1.0 wt% NaOH solution is clearly shown on the variation of reducing sugars. The increase of the glucose amount after the alkaline treatment was evident as shown in Fig. 3 . The main target of the alkaline treatment is the removal of lignin from the biomass, and the proportion of lignin decreased after the treatment in the NaOH solution at 373 K for 1 h as shown in Table 1 . Since the increment of the reducing sugar was originated from glucose as shown in Fig. 3 , the elution of lignin was assumed to make the enzyme easy to contact mainly with cellulose in the napiergrass. The treatment under visible light illumination for 3 h without the alkaline pretreatment of the napiergrass was not effective in improving the production of reducing sugars by the enzymatic saccharification as shown in Fig. 2 . The stirring treatment in the presence of silicon without the illumination for 3 h was also not effective as shown in Fig. 2 . The amount of reducing sugars obtained from the subsequently treated napiergrass under visible light illumination in the presence of Si for 3 h was distinctly larger in comparison to that without the illumination. The improvement effects of the illumination appeared as an increase in the initial rate, and then stabilized shortly after.
The effectiveness of the illumination with Si was observed for the time course variation of glucose also through the enzymatic saccharification as shown in Fig. 3 . The increment of glucose by the illumination for 3 h with Si was smaller than that of the reducing sugars in Fig. 2 . The obtained reducing sugars after the enzymatic saccharification for 24 h varied with the illumination time as shown in Fig. 4 . The amount of reducing sugars clearly increased after the illumination time for 3 h but a longer illumination time over 3 h was not effective. We assumed that the increased reducing sugars were degraded by a longer photocatalytic treatment. We measured each amount of obtained glucose also depending on the variation of the illumination time. The illumination effects were not prominent through every illumination time. Thus the increase of the reducing sugars after the illumination in Fig. 2 was originated from that of xylose through the saccharification of hemicellulose with the enzyme.
Since the types of the incremental sugars were different between the sample for the alkaline treatment only and that for the subsequent visible light illumination, we assumed that a different type of chemical bond in the napiergrass leaves was cleaved through the visible light illumination with silicon. While all types of aryl ether bonds in a biomass are typically cleaved in alkaline medium, aryl _ alkyl or alkyl _ alkyl carbon _ carbon bonds and diaryl ether are stable to some extent under the same conditions 14) . The covalent linkage between lignin and hemicellulose such as ether linkages are reported also to be stable in alkaline medium. We therefore assumed that some of those bonds were cleaved through the complementary visible light illumination with silicon. The cleavage of ether linkages especially between hemicellulose and lignin was expected to increase the chance of production of xylose.
The variations of yield of reducing sugars of the alkaline treated napiergrass together with and without the visible light illumination through the enzymatic saccharification were shown in Fig. 5 . The yield was calculated by using the content of holocellulose in the residue after the alkaline treatment with 1.0 wt% NaOH solution at 373 K for 1 h. The content of holo cellulose in the residue of napiergrass was 797 mg/g. The yield was calculated from the ratio between the calculated amount from the measured concentration of reducing sugars in the supernatant solution after the enzymatic saccharification and that content (797 mg/g). The yield of reducing sugars for the sample of the alkaline treatment only was 60.3% after the enzymatic saccharification for 24 h. On the other hand, the yield of that for the sample of the alkaline treatment plus subsequent photocatalytically treatment was improved up to 86.7% after the enzymatic saccharification for 24 h. Woody kudzu stalks used in this study were analyzed for their components 15) . The moisture content (on a wet weight basis) was 8.4%. On average, the cellulose, hemicelluloses, and lignin were 35.9, 21.2, and 22.9% on dry weight basis, respectively. The rest was methanol extractives and others. In comparison with the proportion of lignin for herbaceous napiergrass, that for woody kudzu stalks was larger. The proportion of holocellulose was 57.1% and slightly larger than that for napiergrass.
Figures 6 and 7 show the variations of obtained amount of glucose and reducing sugars from kudzu stalks 15) . They are the time course variations of enzymatic saccharification with and without the subsequent visible light illumination with a Xe lamp after the alkaline treatment. The amount of glucose after the subsequent visible light illumination with Si for 2 h was zero at the start point but increased more rapidly, and attained ca. 1.5 times larger amount after the enzymatical hydrolysis for 72 h as shown in Fig. 6 . The obtained line of glucose stirring Si in the dark for 2 h was almost the same with that for the alkaline treatment only. Figure 7 shows the time course variation of the amount of reducing sugars and its yield obtained from kudzu stalks during the enzymatic saccharification. The obtained amount was zero at the start point even for the sample together with the subsequent visible light treatment for 2 h. The variation is similar to that of the glucose, and the proportion of the observed amounts with and without the subsequent visible light illumination with Si was similar to that of the glucose. This means that the increment of the reducing sugars by the illumination is derived mainly from that of the glucose. Thus, the cellulose in the kudzu stalks was able to be saccharified further by the subsequent visible light illumination with Si. This result of kudzu stalks disagreed with that concluded from the increment of xylose for the case of napiergrass. We suggested that the types of cleaved bonding were different between the treatment in the alkaline medium and photocatalytic treatment with Si. This reason, nevertheless, is not The reaction condition is the same with that in Fig. 2 The calculation procedure of yield of reducing sugar was written in the text. clear but we assumed this difference was attributed to the different bonding structures between herbaceous napiergrass and woody kudzu stalks. The variations of yield of reducing sugars of the alkaline treated napiergrass together with and without the visible light illumination through the enzymatic saccharification were also shown in Fig. 7 . The yield was calculated in a uniform manner with that for the napiergrass. The content of holocellulose in the residue of kudzu stalks was 760 mg/g. The yield of reducing sugars of the sample for the alkaline treatment only was 57.4% after the enzymatic saccharification for 24 h. On the other hand, the yield of that of the sample for the alkaline treatment plus subsequent photocatalytically treatment was 88.6% after the enzymatic saccharification for 24 h. The yield of this sample came close to 100% after the enzymatic saccharification for 72 h as shown in Fig. 7 . Figure 8 shows the effect of the illumination time with a Xe lamp in the presence of Si on the production of glucose 15) . Every profile of glucose amount with different irradiation time was different at the initial stage of hydrolysis, but the amounts of glucose came close with each other after the enzymatic saccharification for 72 h.
Conclusions
The yield of reducing sugars from the alkaline pretreated herbaceous napiergrass leaves was improved from 60.3 to 86.7% after the enzymatic saccharification for 24 h by subjecting the visible light illumination with Si for 3 h. That from the alkaline pretreated woody kudzu stalks also was improved from 57.4 to 88.6% after the same treatment for 24 h by subjecting the visible light illumination with Si for 2 h. The incremental component of reducing sugars after the illumination was different such as xylose for napiergrass and glucose for kudzu stalks. We assumed the different bond structures between herbaceous napiergrass leaves and woody kudzu stalks made the different results. 88.6% 。
